The current state-of-the-art of atomizer design, aircraft engines, diesel and gasoline engines, medical sprays, spray painting of automobiles, and laser optical instruments is reviewed. Future research for several decades will be driven by increasingly urgent demands to improve fuel and energy efficiency, and to drastically reduce the emission of pollutants. A much greater degree of control is required, not only in spray systems, but for pressure and flow rates which are introduced into atomizers. An improved understanding and control of liquid and air flows inside atomizers will be necessary. The breakup of liquid jets and sheets in many current spray systems results in chaotic generation of drop sizes and velocities. Electrosprays and ultrasonic sprays provide the means to generate more steady and controlled sprays. Major breakthroughs in the physics of diesel injector sprays have been achieved by using high intensity x-rays from the Synchroton at Argonne Labs. Moving away from single injectors to multiple injectors and replacing drilling of holes with etching and lamination allows multiple nozzles, with air and liquid swirl passages, to generate micro-sized droplets, fully dispersed in combustion chambers. The Federal Drug Administration has authorized the inhalation of insulin for treatment of diabetes. Aerosol particle sizers must be in the range of one to four microns. Stents, for the support of collapsed arteries, must be spray-coated with medication. Cryogenic sprays are used for cooling the skin during dermatological skin surgery. These are examples of important developments in the field of medicine. Future collaboration between physicists, mechanical, chemical and materials engineers, mathematicians, computationalists and experimentalists, with industrial designers and engineers, will offer many opportunities for young engineers to establish careers in atomization and spray technology.
INTRODUCTION
Forty years ago there was no science of atomization and very little knowledge of spray technology. The pioneers in spray research were Tanasawa in Japan, Marshall in Wisconsin, USA, Eisenklam in London and Simmons in Cleveland, USA. They worked in relative isolation. There were no textbooks, journals, conferences or university courses; it was a subject of no significance in science or technology.
Today the situation is very different. At international ICLASS conferences, hundreds of engineers and scientists present theories, computations, experiments and instruments for a wide range of industrial applications. Their work is based on results obtained in centers of research at universities, government laboratories and industrial facilities, at high levels of quality and excellence. We have seen progressive interest in quality and quantity of research published in the proceedings of ICLASS, ILASS Asia and Europe conferences. More than 1000 critically-reviewed papers have been published in the ILASS journal Atomization and Sprays, which contains a library of knowledge on the science and technology of sprays.
My object is to examine the future from our present base of knowledge. What opportunities will there be for students to establish careers, create inventions and make a positive impact on world societies? Can we predict and recommend a future for spray science and technology? Can we predict the challenges that are worth striving for?
Based upon research, interaction and collaboration with my colleagues for many decades, I have made some assessments of the state-of-the-art and from these I have selected some specific areas on which we should focus our attention.
The major challenge for the future is to establish and maintain overall control of sprays by controlling 1) liquid and gas flows inside atomizers; 2) liquid breakup and atomization processes; 3) size, velocity, trajectory and evaporation of drops and 4) the impaction of sprays on surfaces with formation of liquid films and solidification.
Currently, most forms of liquid and sheet breakup are chaotic, unstable physical processes that do not permit the control which is necessary. Achieving this control requires the combined efforts of theory, computation and instruments with feedback, monitoring and control. We already have a range of laser optical techniques which allow detailed measurements of both transient and steady flows that can monitor spray characteristics as a function of space and time. With electrostatics and ultrasonic sprays, we can achieve much greater control of atomization and the generation of micron-sized droplets.
The major challenge is to conduct experiments and design atomizers that will generate sprays with specified initial drop size, velocity and flight directions, and their subsequent variations in space and time.
Controlled aerodynamic and electrostatic forces will be applied to control drop trajectories and evaporations rates to achieve the specific objectives of each particular application. Monitors will actuate alarm systems whenever deviations are detected beyond the prescribed limits, adjustments will then be made by feedback controls.
COMBUSTION SYSTEMS
The predominant uses of sprays are associated with liquid fuel injection into piston and gas turbine engines, and generating mechanical and electrical power and thrust in industrial furnaces. Clearly the demand for combustion systems will continue, while the price of oil will continue to rise. Global warming and atmospheric pollution are creating major climatic changes and the subsequent deterioration of our environment.
Dire warnings about the potential dangers to climate, health and the economy are being heard daily.
Governmental legislation in America, Europe and Asia has begun enforcing severe reductions in polluting emissions, as well as demands for increased fuel and energy efficiency, and with the rapid increase of international transportation and industry, even more reductions will be necessary.
Only recently has widespread recognition been focused on fuel sprays and their role in increasing fuel and energy efficiency and minimizing polluting emissions. The spray community has understood the importance of sprays in combustion systems for some time. We can expect that funding from government and industrial agencies for research on spray combustion will substantially increase in the near future and for some time thereafter. For the same reasons that major advances in science and technology occur during wars and threats of war, we can expect spray science and technology to develop and grow, driven by the cost of oil and catastrophic damage to the environment.
The chemical reaction in combustion is governed by local temperature, pressure and fuel vapor/air mixture ratios.
Lean mixtures yield lower temperatures and lower NOx; rich mixtures produce increased unburned hydrocarbons and soot. Stoichiometric mixtures yield the highest energy efficiency and temperatures and, consequently, high levels of NOx. Combustion specialists can prescribe distributions of fuel/air mixture ratios throughout a particular combustion chamber which will yield the optimum energy efficiency and the minimum emission of pollutants. Local fuel/air mixtures are created by individual droplets moving through ambient air and releasing fuel vapor in droplet wakes. Controlling droplet size, velocity, temperature, trajectory and evaporation also controls local fuel/air ratios and the subsequent chemical reaction as a function of space and time. The problem is especially difficult in piston engines, where the size of the combustion chamber changes continuously with the movement of the piston.
Because of the conflicting requirements for maximizing energy efficiency and minimizing pollution generation, the fuel/air distribution must be strategically designed for each combustion chamber with varying geometry, pressure and temperature distributions. The challenge for spray scientists and engineers is to specify and control individual drop trajectories. Each drop trajectory is governed by initial drop size, velocity and flight direction, as well as subsequent interaction with turbulent gas flow fields and drop collisions. Impingement of liquid droplets on solid surfaces, resulting in liquid film and subsequent carbon formation, generally must be avoided. The mapping of drop trajectories, fuel/air ratios, temperature and pressure distributions as a function of space and time is very complex, requiring collaboration between experts in atomization, drop dynamics, evaporation, turbulence, chemical reaction and computation fluid dynamics.
BREAKTHROUGHS

IN DIESEL ENGINE RESEARCH
Diesel engines are more energy efficient than gasoline engines, but traditional single-hole injection diesel engines cannot meet government restrictions on pollution emissions. Therefore, radical changes are required in design concepts for fuel injection and control. Previous attempts to use Schlieren, Mie scattering and planar-induced fluorescent laser optical techniques to provide information about the internal structure of diesel sprays have been unsuccessful due to the very dense region of the spray near the nozzle exit.
A major breakthrough has recently been achieved at the U.S. Argonne National Laboratory, near Chicago, by use of very high energy x-ray radiography, generated by an advanced photon source sychroton.
The estimated cost of the equipment is one billion dollars. The x-ray beams are monochromatic, with photon energy of 8keV. These x-rays have the special advantage of not being significantly scattered by fuel droplets, so that multi-scattering is not important.
The 200µm x 30µm x-ray beam illuminates an avalanche photodiode whose output is proportional to the intensity of the beam. The x-ray absorption data provides an integrated measure of liquid quantity along the length of the path. Signals are recorded every nanosecond, and data are taken at thousands of individual locations in diesel sprays. Measurements begin at 200µm from the nozzle exit, and measurements cover the full width of the spray at numerous axial locations. X-ray pulses are repeated every 3µs and there is no significant variability in spray-to-spray injections. The rise in mass density was detected 25µs after the start of injection.
These new x-ray measurements clearly show the physical structure of impulsively-started diesel jets. Concentrated leading edge structures were found near the leading edge of the sprays. At the end of the injection event, a large fraction of the fuel was found concentrated in the leading edge structure. This structure, which remains compact during the injection period, begins to expand and dissipate shortly after injection is complete, while continuing to move downstream. A small amount of concentrated fuel remains near the orifice exit, due to leakage.
The total liquid mass increases rapidly as the liquid first begins to exit the orifice. After 175µs, the flow rate decreases sharply. Fuel continues to gradually exit the injector for an additional 200µs. The total amount of fuel in the spray then remains constant for an additional 200µs. The average injected mass (335µg), determined by collecting and weighing the injected liquid, was the same as the total mass determined from the x-ray data, as well as that measured buy a Bosch rate-of-injection meter. The amount of fuel in the axial streamwise direction (µg/mm), rises quickly and then levels off, followed by an abrupt decrease after 175µs. The maximum penetration speed was found to be 100 m/s, compared to the theoretical exit speed of 236 m/s. This is consistent with previous studies of impulsively-started jets, which have shown that the speed of the leading edge vortex is less than the steady-state jet velocity.
This collaboration among US government high-energy laboratories, industrial diesel injection experts and universities, has provided a new physical description for diesel sprays.
Atomization is essentially instantaneous at-or very near the injector exit.
With this physical quantitative description, computational fluid dynamics can provide calculation and predictions which will permit more effective control of direct injection in both diesel and gasoline engines.
The most recent results from the Argonne Laboratory show that the maximum liquid volume fractions in the near injector tip region (<500µm), are between 0.6 and 0.7, clear evidence that liquid breakup and air entrainment occur very close to the injector exit, where there is instantaneous atomization.
The conventional diesel engine uses single-hole injectors to inject fuel when the piston approaches dead center as the cylinder pressure approaches a maximum. In an attempt to reduce wall wetting, designers have reduced orifice size to the order of 0.2mm, with a requirement of extraordinarily high pressure injection pumps to overcome the nozzle friction and the high cylinder pressure.
With the advent of worldwide legislation to drastically reduce pollution emissions while maintaining high fuel and energy efficiency, radical changes are required for direct injection into both diesel and gasoline engines.
The concept of homogeneous charge compression ignition is to burn fuel spontaneously and simultaneously by auto ignition. Fuel is injected into the cylinder near bottom dead center, when the intake valve is open, or during early compression, when gas density in the cylinder is low. Low pressure injection would replace conventional high pressure injection. The principle is to create a homogeneous mixture that will burn spontaneously and simultaneously by auto ignition. The requirement is to operate seamlessly over broad load and speed ranges while conditions change between different combustion regimes. Low pressure injection reduces droplet velocity and avoids liquid deposition on surfaces, which deteriorates the quality of the charge mixture, increases fuel consumption and hydrocarbon emissions, and contaminates the lubricating oil. With low cylinder pressure and low injection pressure, intake flow velocities are low so that fuel droplets can be distributed within the cylinder evenly to provide homogeneous mixtures.
For spark ignition engines with highly fuel-lean overall fuel/air mixture ratios, fuel stratification is necessary for flammable conditions to exist in the region of the spark plug.
This stratification is accomplished by targeting a fuel jet directly at the spark plug and by injecting fuel late in the engine cycle, close to the time of ignition. The entire fuel injection, evaporation and ignition process must be recorded over hundreds of consecutive engine cycles. High speed, realtime imaging, using high speed neodymium yag laser light sources, can provide the high level of spatial and temporal resolution required for consecutive engine cycles.
By inducing an electrical charge into the liquid at the tip of an injector, improved control of fuel dispersion will result in improved repeatability of droplet size and greater penetration. Electrostatic fields with low pressure injection induce fluid motion and drop sizes which are characteristic of high pressure injection. Optimization of nozzle design for direct injection engines can be achieved by replacing single orifice with multi-orifice fuel injectors, creating the dispersion of droplets throughout the combustion chamber.
AIRCRAFT GAS TURBINE ENGINES
Designers of aircraft engine combustion chambers have been-and continue to be-at the forefront of research in combustion technology.
The most advanced current designs include manufacture of multiple injection nozzles by photo-etching nozzle geometries into thin layers of material which are bonded together.
Simplex, dual orifice, airblast, air-assist spill-return nozzles with swirl in the liquid and air flows are producing sprays with good performance at low injection pressures for sprays with uniform distributions and no streaks or voids. Multipoint, microlaminate fuel injectors provide rapid mixing, good spatial and temporal mixing and good atomization for both aero and industrial gas turbine engines. Each injection point has a simplex nozzle with integral air swirlers, resulting in short flames with reduced liner cooling air and good pattern factor.
The swirl number can be varied by changing vane angle, vane thickness, vane numbers and cup diameter. Individual air layers merge into a coherent swirling flow field. Co-rotating swirlers create strong recirculation zones at the core of each swirler and weak swirling flow between swirlers. Overall swirl persists well beyond individual swirlers. A 36-point swirler array resulted in NOx levels less than 20% of international standards and combustion efficiencies of 100%.
New design concepts include multipoint lean premix combustion with the advantages of low NOx, CO and UHC emissions, coupled with high combustion efficiency. However, instabilities caused by non-uniformities in the flow can result in flashback and auto ignition. Alternatively, diffusion-controlled combustors have the advantage of being very stable and generally not susceptible to instabilities. The disadvantages are high levels of NOx, CO, UHC and particulates with lower combustion efficiency.
The general requirement is for sprays that can be controlled, and which guarantee spatial and temporal air/fuel mixing under the full range of aircraft operating loads. There must be a guarantee of no flashback-especially at low load conditions. The bulk fluid mixture velocity must always be larger than the turbulent flame velocity and there must be no recirculation, separation or low velocity zones inside the premixer. The problems that must be addressed are: 1) combustion instability which increases as the low blow-off limit is approached; 2) temporal variations in fuel/air ratios and mixing leading to significant changes in heat release rates; 3) coupling between the heat release rates and acoustic processes causing large pressure oscillations; 4) auto ignition delay times which are very short (2ms); 5) premixers capable of handling different fuel with different auto ignition times; and 6) there must be no wall-wetting or deposition on walls and no coke deposits forming on surfaces, which are followed by thermal oxidation.
It has been clearly established that strong swirling flows with swirl numbers >0.6, provide good static stability of flows, and that combustor performance is highly dependent upon nozzle and spray quality. As a result of generous funding by NASA, US government agencies, and engine and nozzle manufacturers, highly sophisticated, reliable and fuel efficient combustors, with low emissions have been designed, tested and mounted in both civil and military aircraft.
MEDICAL SPRAYS
In the field of medicine, important progress has been made in the utilization of sprays, including inhalation of insulin aerosol for diabetics, implantation of stents into arteries, cryogenic cooling of skin during laser dermatological surgery and time-delayed release of medication through coating of tablets and pills.
Inhalation of medication provides an important alternative to drug delivery by mouth or by injection. Medication that can be inhaled through the mouth, to pass through the throat and respiratory tracts, can reach the surface of the lungs, where it passes directly into the blood stream. Only droplets between 0.5 and 5 microns have the possibility of reaching lung surfaces without deposition.
Droplets above 5 microns have sufficient momentum to hit and deposit on surfaces in the mouth or throat. Droplets less than 0.5 microns have such high drag forces that they are exhaled directly after being inhaled. Research at Carnegie Mellon, Aradigm and Inhale Therapeutics over the past ten years has demonstrated that droplets of medication an be inhaled and deposited on lung surfaces. The US Federal Drug Administration has recently given approval for the sale of insulin aerosol medication as an alternative to painful daily injection for millions of diabetics. Insulin lowers blood sugar in the body by helping cells take up and use sugar for energy. In clinical trials, 2500 patients reached their peak insulin levels faster by inhalation than through insulin injection. Patients hold a device which generates an aerosol either by piercing holes in a plastic "blister" which releases droplets in the range of 1-4 microns, or, alternatively, from an aerosol powder formed during spray drying. The aerosol is pumped into a transparent chamber and the patient inhales the aerosol until the chamber is clear, to receive the prescribed dose.
Research has focused on the aerodynamic drag of particles during inhalation to ensure that particles pass through the mouth, trachea, vocal chords and bronchial alveoli to reach the lung surfaces without prior deposition. This is a major breakthrough in the field of drug delivery for millions of patients worldwide. Future research will focus on inhalation of other medication as an alternative to oral and injected delivery.
The airways of the lung carry air from the trachea towards to alveoli, where gas exchange occurs. The alveoli resemble the branches of a tree, growing in number and decreasing in size from the central, towards the peripheral lung. The lung is mostly composed of alveoli. Because of very low velocities in the deep lung, aerosol particles deposit on surfaces at terminal velocities due to gravitational sedimentation. Aerosols must be small enough o bypass the inertial filters of the mouth and throat in order to reach the peripheral lung. If the aerosol is less than 1 micron, it may be inhaled and directly exhaled, as occurs in smokers.
Hospitals use nebulizers that emit aerosols continuously.
Ultrasonic high frequency vibrating plate nebulizers have vibrating membranes with thousands of 1-micron-size holes.
For patients suffering from asthma, the upper airways become inflamed, causing muscle constriction with formation of excessive mucus secretion. Meter dose inhalers are used to spray bronchodilators and steroids. The inhalers use propellants to eject the medication at velocities up to 30 m/s. A very high percentage of droplets are deposited directly on the back of the throat, so that only five or ten percent of the medication reaches the targeted inflammation in the constricted airways.
Heart disease and heart attacks are caused by constriction, or partial blocking of arteries and blood vessels. In the past, patients suffering from heart disease faced painful and dangerous bypass surgery. More recently, stents are implanted into arteries, using balloon angioplasty. Stents are tubular, mesh-like structures designed for mechanical flexibility, long term durability that provides minimum interference for blood flow, while supporting the artery walls and preventing constriction or collapse. The size of coronary stents are between 1.5 and 3mm in diameter, with lengths between 15 and 30mm.
These wire mesh stents must be coated with powerful drugs that inhibit cell formation (restinosis). The polymer/drug matrix allows the drug to be released slowly over a period of months. Coating a stent properly is a technological challenge. It is important that the coatings be uniform inside and out, free from holes or other defects, and reproducible from one stent to the next. The spray diameters must be between 0.5-2mm, and drop sizes must be of the order of a few microns. Flow rates are between 20-100µl/min. The stent is placed on a mandrel that is attached to a rotating shaft that is moved axially for spraying along the entire length. The spray coating of the stent occurs in a nitrogen environment.
The fact that these stents are used in life-threatening situations places stringent demands on the manufacturing and spraying processes. Ultrasonic nozzles are ideally suited for this application, since they are capable of producing sprays at very low flow rates, with precisely-shaped spray patterns and micron sized drops.
Dermatologists use laser surgery to treat skin diseases and conditions. Excessive thermal damage to the skin can occur during laser irradiation. Short spurts (20-100ms), of very low temperature liquids are sprayed onto the skin from a pressurized container. Well-atomized, low temperature cryogen droplets, with diameters of 3-20µm and velocities of 10-60 m/s impact onto human skin and extract heat as they spread and evaporate. The cryogen droplets must be deposited gently on the skin to avoid dynamic effects of impingements, spreading and evaporation.
In the pharmaceutical industry, billions of tablets are coated by spraying in large fluidized beds, where the tablets are held in suspension by air flow. Some coatings are chemically active and include additional medication. For highly-potent drugs, the medication from tablets must be released slowly over a period of several hours. Release of all the medication at one time could cause severe damage and possible death to the patient. The major factor controlling the rate of release of the coating is its thickness. It is necessary for the coating to be of uniform thickness on every tablet. The challenge is to generate sprays from fixed injectors so that droplets will deposit, spread and dry to a uniform thickness on every tablet that is bouncing and rotating in turbulent air-fluidized beds, with hundreds or thousands of tablets.
SPRAY PAINTING OF AUTOMOBILES
Paint is applied to automobile parts and bodies on assembly lines, to achieve the required color finish and for protection against rust, several coats are required.
Only a few minutes are available to complete each paint process. Robots with multiple nozzles apply the initial coats, followed by hand spraying. With increased on-demand manufacture, frequent color changes are required as parts pass the robots on the assembly line. The geometry of body parts poses special problems for the spraying process.
As much as forty percent of the spray paint misses its target and the pollution generated by the toxic off-spray can exceed the pollution generated by engine emissions during the lifetime of the vehicle.
During the painting process, orange peel, blistering, running, and other imperfections in the coating can be cause for rejection and may result in scrapping the body part. Metal flakes in the paint should be oriented parallel to the body surface to increase reflectivity.
The consequences of paint surfaces which do not meet the required minimum standards are very costly. The overall quality of the paint on the vehicle can play a major role in selection of a car for purchase.
To process the very large volumes of paint that miss the target (up to 40%), large wind tunnels are built to surround the painting operation. Air is blown over the vehicle body during painting at a velocity high enough to drag the paint droplets into the wind tunnel. Since paint has toxins and metal flakes, it needs to be processed and treated as toxic waste.
As a consequence, the painting section is the most expensive component of the assembly line.
The atomizers generate small droplets of paint, which pass through an electric field, inducing an electrostatic charge on each droplet. The initial trajectory of each droplet is governed by its diameter, velocity and angle of flight as it leaves the atomizer. The subsequent trajectory is governed by interactions with air streams and other droplets. Final impact on the target surface is assisted (by about 10%), by the electrostatic attraction between the body surface ad the charged droplets.
The overall costs associated with automobile painting are very large.
Failure to achieve the required quality and luminosity in the paint surface adds greatly to the overall cost. Robots that pass across the body surface cannot provide adequate coverage to components with complex geometries.
The automotive industry needs a solution to the paint spray problem. The industry needs to increase the percentage of paint deposited on the target and correspondingly reduce the percentage of offspray. If this industry utilized the instrumentation, computation, and expertise available within the spray community for controlling drop size, trajectories and deposition, they could realize a valuable increase in efficiency while reducing the generation of toxic pollutants.
ATOMIZERS
The design, manufacture and operation of atomizers are the primary factors in establishing spray structure. Research has determined that the major factors in nozzle design and manufacture that affect atomization are: geometry of internal passages, sharp edges and corners, surface roughness, liquid and air mass flow rates, unsteadiness and pulsations in liquid and airflows, turbulence and cavitation. The internal flows of liquid and air inside atomizers can be established by physical and computational modeling. Measurements can be made of mean and turbulent velocity fields, with transparent models, laser imaging and laser Doppler velocimetry. Cavitation bubbles can be identified, measured and controlled. The liquid and air mass flow rates entering atomizers can be measured and controlled, including pulsations. Computational fluid dynamics can be used to make computations and predictions of three dimensional turbulent flow fields inside atomizers, with validation by experimental measurements.
For the wide range of atomizers, including air assist, airblast, swirl, pulsed, electrostatic and ultrasonic, there is the capability and need to measure, compute and control the internal flows in atomizers. The objective is to completely specify and control the laminar or turbulent velocity and pressure distributions in the liquid and air flows at the atomizer exit.
These provide the initial conditions for the liquid jets and sheets, together with the secondary air flow fields, which govern subsequent liquid breakup and atomization.
There will be an increasing demand for atomizers that can generate sprays with initial specified drop size and velocity distribution. For some applications, uniform size distributions will be required, which can achieve rapid vaporization to form homogeneous fuel/air mixture ratios. For gas turbine, gasoline and diesel engines, the requirements are for initial drop sizes below 30µm.
In addition to the demand for micron-sized droplets, a new interest is developing in sub-micron droplets, in the nano size range. Since drop size is directly related to orifice size, designers are turning away from standard drilling and machining of nozzles to etching and use of laminates for the manufacture of nozzles with orifice sizes in the range of one to ten microns. Single-hole injection systems are being replaced by multi-hole injection to allow droplets to penetrate into all regions of combustion chambers where fuel is required.
There are two types of atomizers, seldom used today, that have special advantages for the future requirement for micron and submicron-sized droplets, with high degrees of control. These atomizers do not rely on the standard means of liquid breakup and atomization.
Atomization in electrosprays is achieved by inducing electrical energy into the liquid inside the nozzle before it leaves the orifice. The electrical charges inside the liquid overcome the surface tension forces so that atomization is controlled by the current, voltage and frequency of the electrical charge. Monosize droplets are generated, each droplet having an electrical charge, which acts against collision and coalescence and can be attracted to deposit on an oppositely-charged surface. Liquid emerging from relatively large diameter orifices (300µm), can generate both micron and sub-micron sized droplets. Drop size is no longer related to orifice size. The Nobel Prize in Chemistry was recently awarded to a scientist for his research on electrosprays for generation of ions for chemical spectroscopic analysis.
In ultrasonic atomizers, a liquid film is placed on a smooth surface that is set into vibrating motion in a direction perpendicular to the surface. The liquid absorbs some of the vibrational energy, which is transformed into standing waves. These capillary waves form a rectangular grid pattern in the liquid on the surface, with regularly alternative crests and troughs extending in both directions.
When the amplitude of the underlying vibrations is increased, the amplitude of the waves increases correspondingly--that is, the crests become taller and the troughs deeper. A critical amplitude is ultimately reached, at which the height of the capillary waves exceed that required to maintain their stability. The result is that the waves collapse and drops of liquid are ejected from the tops of the degenerating waves, normal to the atomizing surface. The number median drop diameter is inversely proportional to the vibration frequency to the two-thirds power.
Disc-shaped ceramic piezoelectric tranducers convert high frequency electrical energy from an oscillator/amplifier into vibratory mechanical energy at the same frequency.
The transducers are sandwiched between titanium cylinders, which act to concentrate and amplify the vibration amplitude at the atomizing surface.
Titanium has the required acoustical characteristics, corrosion resistance and high strength.
One of the special--and principal attributes of ultrasonic atomizers is that the atomization is solely a surface phenomenon.
Therefore, in principle, ultrasonic atomizers can be effective at any flow rate. The other major advantage of ultrasonic atomizers compared to all other atomizing devices, is the low velocity of the droplets, typically 0.25 to 0.4 m/s, much lower than most other atomizers. These special advantages have been critical in meeting the stringent physical and medical requirements for spraying coatings on stents inserted in arteries to prevent collapse and blockage.
Nozzle discharge coefficients are affected by surface roughness, length to diameter ratio, geometry, edge sharpness and cavitation. Cavitation occurs periodically. The growth-and-collapse cycle results from interaction between the re-entering flow from downstream and the free surface upstream. For cavitation flow, the discharge coefficient is proportional to the square root of the cavitation number. Pressure below the vapor pressure, presence of nuclei and sufficient time, are the necessary factors for cavitation inception. Supercavitation increases spray angle and reduced breakup length.
Cavitation enhances atomizers, if properly controlled.
Cavitation can be triggered by minute disturbances at the orifice inlet. When cavitation extends to the orifice exit, it becomes supercavitation. During supercavitation, the pressure downstream of the orifice exit can penetrate into the orifice and cause hydraulic flip. Impingement of the free gas/liquid interface onto the nozzle wall surface generates turbulence. The cavitation region thickens and spray angle increases with increasing driving pressure.
Cavitation at the orifice exit leads to a jump in the turbulence level through the orifice. Cavitation has a greater influence on turbulence than Reynolds number. Two distinct frequencies in the power spectrum of cavitating flow have been detected. The higher frequency corresponds to locally periodic formation and breakup. The lower frequencies with large magnitude power spectral density, correspond to the growth and collapse cycle of the cavitation region. The characteristic frequency increases with larger driving pressure. The collapse of vapor cavities leads to vorticity production and increases the turbulence levels. A small change can result in turbulence level and turbulent kinetic energy. With this knowledge of the physics and fluid mechanics of cavitation, controlled cavitation can provide a useful and important tool for enhancing atomization.
INSTRUMENTS
A wide range of instruments has been developed and are sold commercially for making measurements to characterize sprays, both as functions of position and time. Imaging provides information on breakup of liquid jets and sheets, spray formation and propagation, drop clustering, collisions and coalescence. Imaging is the preferred instrument for making overall assessments of spray quality. Nanosecond images provide images of time changes of pulsating sprays, as well as information on deviations from prescribed sprays. Billions of data have been collected for sprays generated by a wide range of atomizers under ambient, free, enclosed, pressurized and combustion conditions. Many of these images and measurement data are kept in archives waiting for comprehensive data analysis, correlation with computational fluid dynamics and combustion analyses. Comprehensive analyses of this data would provide a foundation for formulation of strategic plans for future research. The physics and chemistry of isothermal and reacting sprays would establish the science of sprays. With a solid base of accurate and reliable experimental data, accurate predictions could be made for a wide variety of applications of spray technology.
Optical patternators are of very special interest for fast accurate global characterization of sprays. Real-time measurements are made of average drop size and liquid mass flow rate. These instruments are especially valuable for measurements in dense regions of sprays, when it is not possible to make measurements with other instruments. Planar droplet optical patternators consist of a laser, light sheet projector, camera and frame grabber. The light sheet projector illuminates a 2D plane within the spray. Optical filters in front of the camera allow simultaneous recording of both the elastic light scattering patterns and the laser-induced fluorescence patterns. A frame grabber digitizes the image and the image is then processed by the computer to yield fuel volume and mass distribution and averaged drop diameters. Imaging provides the spatial variation of sprays at an instant in time and allows detection of drop collisions, breakup and coalescence.
When data from optical patternators is used in conjunction with particle image velocimetry, estimates can be made of drop velocity and velocity of air surrounding individual drops for determination of drop slip velocities.
COMPLETE CHARACTERIZATION OF SPRAYS
Flow characteristics inside atomizers need to be known over the full range of flow conditions. Geometry, 3D mean velocity, turbulence characteristics, flow separation and cavitation all influence the liquid and air flow emerging from the atomizer. Breakup length and the nature of breakup, whether random or periodic, all have a significant impact on spray quality. Higher liquid velocities result in increased entrainment of surrounding air into the spray, which assists breakup.
Induced airflow causes redistribution of drops into different size classes, as air flows inward toward the spray center. Drop collisions are related to drop size, velocity and number density and air flow fields. For accurate and statistically-representative data on sprays, special attention must be given to the following:
• High population of small drops and low population of large drops • Different size classes of drops with large relative velocity magnitudes and angles of trajectory as the spray evolves in axial and transverse directions • Significant gradients in the spatial distributions of particle mean size, volume flux and number density • Assymetry in spatial distribution • Drop size changes due to secondary breakup, droplet stripping, collisions, coalescence, evaporation and condensation
CONCLUSIONS
Spray combustion in aircraft gas turbine engines is the most sophisticated, controlled and reliable of all industrial spray systems. Multiple orifices, swirl and coupling of detailed measurements with CFD provides high levels of energy efficiency and reduced emission of pollutants. Diesel engines face serious problems satisfying worldwide demands to reduce emissions. Use of multiple injectors and injection at low cylinder pressures requires testing and further development. Direct injection into the cylinder for gasoline spark ignition engines has potential, but many problems. Wall-wetting must be avoided and stratified mixture distributions are required to provide flammable mixtures for spark ignition, while providing overall lean mixtures that increase energy efficiency. Important breakthroughs have occurred in the field of medicine, where inhalation of medication for deposition on lung surfaces is dependent upon atomization in the range of one to four microns. Inhalation sprays have been developed for treatment of diabetes and respiratory illnesses.
Stents to support collapsing arteries require spray coating and cryogenic sprays cool the skin surface during dermatological laser surgery. Painting of automobiles is one of the many surface coating processes, where improved deposition efficiency would result in considerable reduction of pollutants from offspray and where significant cost reductions could be realized by increasing transfer efficiency.
The wide range of commercial laser instruments allow very detailed measurements of spray structure, drop size, velocity and temperature.
Optical patternation provides nano-second planar measurements of drop size and liquid mass distributions as a function of space and time. The Phase Doppler Particle Analyzer is being made more user friendly, requiring less alignment and less expertise to operate.
There are many challenges ahead for research in atomization and spray technology, with emphasis on monitoring and maintaining control of all spray characteristics. Internal flows in atomizers must be measured and controlled, with data provided for validation by CFD. Feedback control systems must be installed with measurement of critical spray characteristics for supplying information to input variables of pressure and flow rate. On the basis of this survey, we can expect steady growth in research in the fields of atomization and spray technology.
